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Atmospheric Attenuation
of Millimeter and Submillimeter Waves:

Models and Computer Code

1. INTROIPUTION

[ie incicaa ing use of iiICPOwaves in the past lfew years by DOD for determui-

,Ation of -E)ophysical par'ametcr's, high data rate conmmuvinication chlannels, we aponls

guidance and ta rgelt acquiisition hams emphasiized the need for' better modelling and
Lol nre accurate ealculationis or attena ioan tbicigh clear' ann1 hix'd 'o rneteor ladell

atm opic'cs. To fuilfill this need, theV use of millimeter and submotillineter Wave-
lengths salow mally advantages over' tlie use of IIIlC loW rwavos:

a. better sensitivt'y to geophysical parameters

b. larger conmmuijeation bandwidths

e. more se Cur l c Of II -IaIi'N lIlS

d. lnlalrowe i" betiiiW idths

e, good angular' 'esoltion

F, iinagery capability

(ine u6advariisge 0 Oio C attmenuation caused by gasctust absorptiton

and extinction by hydrorneteors.

'fihe objective of this report is to model and calculate atmospheric transmis-

sions and atmospheric attenuation of radio frequency waves in the spectral region

itf 1-1000 GHz, that is, 30-.03 em wavelengths or .30-3: cm- (wave numbers).

(Received for publication 15 October 1979)
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I' Id. itN. laIt hlo. it I ;1, W o~ IIA i'tete dx'v !;,p( d itoi flit I.() i\% AillS N ttatll iss1 teti; ol

co~',' nt flwatitiielyd1ii etel 'ioiijut't'r Code' tot,01 i imlelltlt'iietit t n.

Tlitt ttotdt'1u 0512(1 it) tills; StO Z1< litC the ('Ie"t' AItlI1)Sj)IttLt'' Moil gicetli lit
ValeI I 't the i'og aitid C!oti md Mocks Fioun Silvceteteti 11td rio' res'ai'ihi of, Hit

1i0ii1,iS (texts In Mi~soii Mtid liii oviulov w:t xt.ist.iv tili :'ed), l'Id the 1am
Models6 which welt peitetated trot Ilitt'isect of tite audotes. The rainifall tancs
t.cttitdcr'rd ait. from 0. 25 im in/i toi 1:i0 111i11 . T) Wi' dlt 1d'0 1s i Ife d ieýt Pit)IlIot ion o1LVf

Iose rainfall 'ale's is d-t.'titul~ 111i~a titt thte (itlal'lie'iist i'ititttuoii.
Thit Ileu of ttttst' iiodt.'is shoultd ntet be iilteipttt'ted ais if tIt.'St' ate the k'

itv odds of Iliste inl vi'tpe geIt mu stud t .. T11e outlel-s weet.' cliiosei because thle,% are
ret('lt''seitai ice ol' tiidLai titudt vottditituis. The eOliltijxi'i jtiogllitlt given Iil
A ppeindlix 1) will al low cael; tesicarlieri Ic. calculate t tansmtitt ance andl/vr ýItlt nie-
t tio lot' any lizotititIt lly stratifiedl motdel whinch t'ep i'sents r'eal wtorld etonidittjeos.

Table I li'stsheii detl itit ons for' the spctetiy netleectraoligi.' t

si'eett'niit that will be envpi- od ill this repurl.

Table 1. Spi'ct ia Designtatioins

Iitgi o.1 Wet eleigthl 1"tequenoy

Mi It. Ciow av Ic 1l t-1. C'iii 31011 z -300h~z

Atbmil;::ete:' 0.1C -0. 1 cl3030'00

c[le .odes descri[bed itt this repolit av ic aailable froom Nat [oral Climatic Ceitter,
]kdleial Bu~ildintg, Asitevilie, NC 28801 far a seevice chlarge.

1. M1 Cbiteltey, IL A., lVenn, 13.WX., Selby' , J. D Yel?, 10. E2. , and G.aring, 3 . S.
(1972) Optical Pr'operties of thte Atnospiu.her (3rid EA. ), AF 1305 -72-04197,
Al1)

2. Selby, U.1. E'A. atid MeCiateltey, 13, A. (1972) Atmosp Therue Triansmisstonu liot
0 . 2 5 t 0c- 2 8. 3 urn: 2i- !Ii CuptC. 1 1t'.%Z^ 'z F ed H~QT NN T - 7 2 --0,7 45,

3 . Valtec), S. 1-. (E'd[tot') (196ii5) 11 aidbook Of CeoptYs lea and Spat'e l'tvi ronnuents,
A VC I Z L.

4. Silverman, 13, A. and Sprague, E. D. (10,70) Airborne Mecasure-ments o.f
In-Cloud Visibility N~t [oral Confer'ence tOn Wea(t--her Modification ofi tile
Antetieh'iFaMeteorological Society, Apr'il Gi-9, Santa Ba "ba 'a, California.

5. Mlason, B. J. (1971) The Physics of Clouds, Claiendun Press, Oxfor-d.
Ii. IDoxovikoc, A. d. , Kht'gianr. AK. 1.11. and others (11163) Cloud physics, Ut.S.

Depactirent tif CteaImcce-, Office of Technical Seivicvs.
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Tin/ iii I - qI) ri -1(1 fC liIcIIIkII,\tIS II t I ýld s tII

III the 1-1000 GtIl/ LIct~i'll il ge cults- i,16dcrid, the cUrnl at' uI s di'erte alt traiti-

loin, Is duc p1 iertlaily toti c Pk Onait itt11absurpei'ji 11 lilnus, of %ix tri Capol(I i aild

(3~ ~ ~~ulý %' %(.) iilt) r 11i111I N ita 'Iitteirstr,1 III c'tiniiiiiiliiatittll hailhtitIs, III-, %ýIx ici

v'ajiui' anI d o0%, grol al nI - IIt.td to ac( owl
t 

fox I') dune ta a i r at tulnIIItaf I Un . txcverl, thet

f11j1iijItf t Oil OF t h Is- l'ISCtI lcii i ad Iit iln fto comintitiixiiattoii is thut iduixi I fc al tult of

gi/tipdyi-i tal it iaiiicf cis, giround taiigt't acqilisýithioul anld ýýa tiills gotidlaitt'. These,

ajtjicattiois -cqipi Il' the additional ab-sorijhtoi line(s of tt'/,tii' (0. j ) cabitlti iiloco.uiih

(tCO) ;od Ililtou Itti xidi' for and i'ijiillt/l.5 ii itli

Siit ce fIt'I( AI-W,! I II IA N iftitt hosC I' L tu1u cI)iijtitiiait 0MI tt'thI IIit IUi' u I rlr(ltIt iJ\
7

LARIt al wa oiz uigiiall, gern'z Littd byx zs;iecialisfn iii theilifi'~aicd legwiti, tiirt'lt exsist

diffeFleieCCS inl iQ1f tat ionI btrIx ýit d filit' 11iotaf i1tli CI'IjiivxO'd b the UIi Illi I x i' spe-

;ii'opiligait toll, NN it, en-s it, thV Ilii''x xc l'l f -ý in' 51i'titi t us o t trit 11 i1 to

dcscaibi' hti'otagatiuii (set' Appendix A for' del'initiolis).

(Oue maorlux poiiiit ofil' tis lsuiliis fali s ' stemis dt'signet's lit e fto adh tis-t flirtI'

id(tas3 of (xi)ii ipeteix 'Icie toliluiistI ti' plItagat ion iiiodels anld a'ethia1ti systCI1IiiiiitU-

(toll as- beincy staf isticted ill 11la11i1e.li I 111 Iii icloilavt' regionthel 111/it tiispifi/ii is

essenlly static' (flinit is, at tinosf, t'ai I conidititnis hax'x te bie e')li c for' tIev-

queticies, abiiove 10 xiii.). As systemis go highier xiill 'itl' fi lietigli the~lh i( I"iihili'ut'i,

aiit stibiillitii't'i bids5, file c'lear' altniispliit''t afiellilafes dut' it xae to-

oixygen, iiv li'ad othiei nititil'l con)stitUenlt gases. 111 addit ioun to, tli''ct t! fiii

]ihit'e, ]'ig, t'lrittd aid ra in atititliatý a by li~tfl s'atterilng (deflectýion of Cxiel'gy) and
absoitijifio (d iuhe( nic heatinug oif wat-i' i'tipsl . It is tie4 statistlws oif tiii' iltiet'i ii-

logical1 con1ditiO1is Of gasetIns atilwiaiisiiici eolleeliti':tthiouis, antd It n'd ci 0(tieee'L fog,

a'ltids and IP6 titat hatve to lie ('Otils itleed whll designinig iii ill tliief ci rald sub -

lii ill ilit.tl'Ase tni

2. CLEAR ATMONISPIHERE,

The ate xosphl-ic' ' nielecula"sts Q)Wjt'ih lou t spec iaxs CnIIcil1ated U) a etipi 1

effic ietit algorit' it of AFlGLIs H l'lIA N Code, This6 new% code was advancetdt by

Cl1ouigh et al. 8It is ca lied I A St(A~i -l, allit' I'iit't' ii for' last At lii snplt.'ci

7. Mctilolehey, i. A. , i3t-tied ict, V. S. , Clouighi, S. A. , 13111rhi, 1). it,' , Cal fet',
R.F. , Fox, K. , Rothmoan, V.-9. and Caring, 3. 8. (1973) A17,C1I I AttItw' -

pe 'it' A bsor'ptiolt Line P aramieter's Comipilat ion, A1ECH I -TH 1-7-0096,

8. Clough, S. A. et al,. (1980) VASCO'DI-1 A PCi!. Deleiinical 1'l)ieprt, to be
publ ishied.



I" I h a1 Io l a~lt'Xtt III, ) liutti lil'nb o t lolls !n oN i ' r( I). tillk itlil- t iWý I ictgit i t at)ý ;

3)11 Ic a ho lVtl' fret' o fd pK atnds (nit 'osls (N(). illTc 4 ll t t pel'o l; ii ý 5 ('llJoug t't

tattt'd e anti atteituait'1(11 t'Ui) toF i'ldl'0tltett'ol'5 (fogl thits ala) tool mis tiltlltt IV

it I I11 azcl'til, ;I II ooti a I c tit'I d isti-ltioll botwtIet c loud: s tok fell gioý attt 121 nos

sill be ai lt ne ed to. hof' Ill e' ltttitis t'e1t'' Ios) fa 'olt'c iou tlf ac on !it' I- c_10115 wi I ialt

11h,1c i less. (112111 aio 100p , [N. e vapor ti lls t'fLlt es toW ick itt2t fttf dintis cit- "Ils (11e5cilt'

taletion t no tlý W1eco oith rslatiu s of itait,1 noa pill ol Is hazhe. iThedlii)

Itm isd assulol etio that I tc ll>'dVI totil 'tt'tI' a i llliltt'ot,1 ld S , 51 1t'i'lt'nlI m1IIsi'~ of%

I tst' thfull i ions isThatie fogl atfilti clou (3l'opvlts Iog mid loti 51 is't their ti~tealct

t'vlolu i the Ul'1111 'iV pt'op l't1111 the ditie c1ion 1i awtX'U I lOlld co (see Eq (21),) .IIL (111i 1ISt

jtiii1o"t' l1a ttd, l'tui ltll ta joelt th 't'quý,il'cs (tt ful .,IC coic'Iiet~y ello tle lt 011. Iti ; f tts (-01

antid I int ha lie Ito be t eid cd toJetli '1at; t1. 01 11 itiilbt' loalli 111sf. .'lVLhtll'ed L d151 1111$ttl

awdilahll (l1 adee to. FHo Citi't ifI an clud Ist A' jlA1i1t Oll sIlfl tI 0'1C tIlt') fo itah11

lesS less th n10pn N 3 hIýVlO t1SC nta I im tl;IIISdt

A .C11C 'itt o' waitet ldropst witth ( i'2 SO t''t by upc t'ol'6l l5 t n i si(rrci11 t oo ' itt famll'tt ).I

bu il t's patail l Cil's if that01' at e ~ satilei adClu d rople ttis are llahs% i tllSi a t' Um it ibtt, w1)11

9. ylig'h all, .1.S. andiolltlol. (x' =IV 27il.ký 1), 1(1 4t)tit(e distr~t(jion oLtaid01 15 er t 'fgItl

size, 3. Siettot'. 5:O165-14W.'l tott'lqi 'ae (Itet(v '.(P.O i

otl~~~~~cr1 s-n , r i te u to LI~IC h il'M CfIO ý ý1Il lt11,j tý, l

suleddattl ridrpSecr hstlt isiibtol i";.avacd ., Aa.IhfanIam r 01-P .T ecoc fT Pci.,rbj oli i (f o.tl olwn
,.,...ss"1'6: TZ -
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Tlw M 11--P disi, ribiut iont 1i)0 ij; 4C) pjiicil) rela~ted to rahinfall a I I v Vict, ý e 1.315. (22)

1). Thei III-I diial ot11-uij has(,- al igrillive exponienti~al formi, which is tire penl-

eral or1-1)or of othi a!:cceptedJ dist r'.1,Ii1 loils . a'rfeil< it'h~le 01aii-Contis r¶lie

Ine, 111 lien6. 1:111 idi tid gaminiri hintlil (olidt ribu tlljl~i usd ili 1011 1 ellig, clouid mild

i'Ll1 droplet .i.,tiibutioi 10115v Wl) - I (seec Eq. (1 5)),

c". The, [Imjdpituird factor ill Ilie '\l-I dlist ribution is a .ouist rOý for ~ilrottlil lox

d. Mtmi,, rkc sai-clers sec cuiieiilv cipoiwnig tIli,. M\l-11 diotribhuion, so it is

nili2cidV r'e.-jrtedj iry 111C resat,ýLk1 cli (0lliitllit'.y

4. CALII LlAUIONS

4.1 Clear At ittwplivi,r Lratisijiisiiii/.XtttiiiiriIitpitt

Ini telicIt qi'nrev tanlge 1-10001 tGlz thet cleat' aitiiio~sjfriii pi'ogxmsses fromi

1001 percent tr-oup~lr ico to ipa:qiit, ais thre ii-eqmt-ncy is mi-icrased. 'This tvaiinsi:1-

sioll mid atrellntoalItl isl piiesenit IOU perecelnt of the( rune, (sce' Fignres 1, 2, :3 and 4).

dluhkt:11 iscusses tire clef-t' Al. I itsi t11c

tii I InlSlitl('It'/IILtILt~tit'1of ,I' 31ilt llIltci and11 stllmill'iiiietet waves hv\

hydi tole Iýlr ifo p rr a 13 igi uCiant peicen~tage (f a eart. ConstequenrI l, V

e~t 111ll 's it'to" clwl m~i am i, mmiiot ticeprci ro0d for t~ile ties if~n or' var-ious

sy;st erols. 1'!1 vs iall, extinict ioi (Iii notation wiudli is equivalent to attenuation III

Iiii1(row ave 1301:11.100), lilt, t'etovct of energy [1031 ll elect romaglietit' waveý, i~s thet

50111l of two 'Io'sses t'iloirst IS al)SoPt't10I1 ()Iwhich 0nse f 1o 1it di

t]iC heatl i rg f c onde`IVIs d Wa t 
Ci' jj( the toillent clelti get lt cad tielt-

ond1 is scottitt( npjj (QC) 9WIde II arises fiojo11 sOcatte injg ofr theincidn lc eianl

\v:i eciliiio (iltt'r diretedions (set' Elq. (1)). It s hOild be nioted that thle Scasttering

c"iil Mincluds ea,-dtioaith31 at is sca[ttee torI (ro tIle fir iOWa rd dtirect inl a-- well ýAS

into othlt:r di reeticls . The at tenuakzt inn dire to frozen ic)hydreinteo is i5; not

cirre de ted ill ihis rep~o rt, .Since Llhc ixinliag 00e coimpontent ord thc indeitx of refraet ion

is S111:111 anld tIntis thle alttenuat itil is S1trial 1. Sitat ed differently, lnatuta l ice cloudis,

hail and sno0w art' highly Itrillfl)ý,ctenlt 1.o pa-ss iVC rad ic ace nlt'asut'etill (is. It is

s it' to say that the( theory of ealtC-ult ionl of sc~atterhipl hi' hydrotncteors is well

known (see liguire 5). hlow et' i, the riieteeu'clogio'l statistics of h~yd t'omIetettt'5

arIte not ivCli knowni. This LIott c r fact leads to difficulties7 inl modelling as will hit
qiK showin below.

10. Dei tnt'nldj ill), 1). (190ti) Elec ,tronliaglict ic' senttle riliag ll1nlydlisperIsions,
l'lse vicel Pubrlishinrg Co.

13



Tlik' thcorv of fTe iCscatt I.'!infr is g ivcII it) Inany cX(cv lent texts, Dcj eniend~i an, 1

V'm e 1111,;tand ReKerk-r. 12The theorcy emplo'rr'd ill thlis, report is prilrrr il%
based on the wo ok of Dei;'mend) ian; a shurt revijew teliow a.
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11. Van Defluist, 11, C'. (19q57) 1-iglt Scatterinrg by Smrall 1'ar1-t ioes, John \\ile-y

Sons Inc.
12. IKerke r, M. (19 69) The Scntte ring or I .ght and O)ther. Ele-t~ro-Magnletic

lladiation, Acade-m71T v 's s.

14



FREQUENCY (GHZ]

1ý00200 30l0 400 5400 600 ?700 800 9Q 0 1000 1100 1200

0'10

1010

lottI. 0o,

loo
-1w 1 0-

-j

a-• .J 
0e t•jj

100-

I0"*~

14 61 
2 2 4 2 6 A 0 3 2 • '3 4 6 3 8 4 0

WRVENUMBER (CM--i]

Figu'ts 2. Thb Attenilptinn Through a 1 kni Thick Clear Atmosphere at 20" c•
Temnperature and 1013 mb Pressurv.. lio.izonlat or, nfa" horizontal pnt h
att(ernuation may be calculated using this rigure. Experimentali measurements
are represented by dots

15

• r-1,5



FREQUENCY (GHZ )

1 210 3O 0 42 0 6 0 7E0 B0 9I0 IpO O-I0_oIp100

4 
1:

S10, -104

_U / .' 
LU-10o3e

LIJ 
LUj

SI O 
i0 -

t•

:z

U.S. STO ATM LINE

JUL 45N ATM1 OPSi
JAN 45N ATM DoT

10-1

1r-6I 
10"9

ISO0 260 ' 36o - -4l0 580 680 '730 e60 96 10X'~

FREQUENCY IGHZ)

Figure 3. Zenith Attenuation Through Different Atmospheres as a Function ofFrequency. The U.S. Standard Atm-o-sphere and the midilatitude (45oiq) 11odel
atmospheres for July -and Janulary ale from Valley. 3 This figure delineates
attenuation due to seasonal atmospheric changes

1UL45 R (RS
J*N 5__ _ IDO

41__" _ _ _ _ _ _ _



FREQUENCY (GHZ)
.10 00 30O 4a0 12 00000_12

tolo

10j
10' "10

" II ]' " i "-

C, 
10'

10'I 
o

IT

Iq0--4

A1 -+- 1 to,

"1'0- "+2 ' ' , . I 'S 2 - 2 2+6 . 28 3'0 U 3 4 3 6 3 . 4 0

WRVEN4UMBER ( CM- 1)

Figure 4. The Attenuation Through a I km Thick Atmosphere at Sea Level

(200C, 1013 rnb) and 4 krn (0OC, 628 rob). This figur'e r"elates attenuation de-

crease with altiude

J~

17'

4.,r-'



FREQUENCY f0111)

~0'

10'

Mm

'A

V3or
- L~ m

104 00.0 0 HI1
50.0 ~/H HOGS 14

2c.0 /G G.C. RIDER 1
W NORBURY 16

12.5 /R ROBINSON !

M MUELLER 18 i
5.0

2.s

1.25-

40 141

FREQUENCY (Mn)

Figure 5. Attenuation vs Frequency for Rainfall Rates, 0. 25, 1. 25, 2. 50,
5, 00, 12. 50, 25. 50, 100 and 150 mm/hr for 20 0 C temperature drops employ
the Marshall -Palmer distribution. Experimental data verifying theoretical
calculations are noted. The experiments rneasured both attenuation (dB/km)
and the rainrate (mmn/hr). ODguchils calculations are included for comparison

Due to the number, of references to be included as footnotes on this page, the read-
er is referred to the list of references, page 53.
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In most scattering calculations it is assunmed, as in this report, that thi shape

of hydro-neteors is approximately spherical and their temperature is homnogeneous.

These two assumptions are true for fog and clouds. When water particles (fog and

clouds) are small, that is, .01-10 lm in radius the ratio of their surface to mass

is large, of the order of 10 6-103 respectively. 'Phis means that small water par-

ticles respond rapidly to changes in temperature. Rain behaves diffei ently; it is

a well known fact that raindrop shape depends on the drop radius and the conditions

of fall. Raindr'ops smaller than I mm in radius tend to be spherical. Drops

approximately 1. 5 mm and larger, falling in stagnant air, tend to be flat or even

concave at the base and slightly rounded at the top, whereas drops ('- 1. 5 mm).

falling in turbulent air, tend to be ellipsoidal. 5 Jones19 studied the shape of rain-

drops in naturally occurring rain and has classified them as spherical, oblate and

prolate spheroids, and irregular ellipsoids. The large drops, he concluded,

oscillated about a preferred shape. Oguchi calculated scattering froni spheroids.

A general theory for other shapes does not exist. Rain has a surface-to-mass

ratio of the order of 10 (which means it does not respond rapidly to changes in

temperature) so that, as the drop falls, heat transfer between the drop and its

environment is taking place. Thus, the temperature of a raindrop is not homo-

geneous because of this heat transfer between the drop and its environment.

Other implicit rain assumptions are that the drops are not electrically charged,

and that the drups do not cluster together. This latter assumption ignores the fact

that raindrops are not uniformly dispersed in the atmosphere, even though there
is evidence to show that raindrops tend to group. The usual assumption made is

that the drops are far enough apart to have negligible interaction between ihvn, 21

The dual assumption of spherical drops and homogeneous temperatures of drops

has been made to simplify calculations.

The drops of liquid water in fog, clouds and rain absorb, scatter and emit

thermal radiation at radiowave frequencies. The absorption and scattering prop-

erties of a single dielectric sphere was first advanced by Mie. 22 Fog, clouds and
rain are not composed of a single size drop. but are a composition of a distribution

of many sizes. If this distribution of dropsize radii is known, then the Mie theory

19. Jones, D.M.A. (1959) The shape of raindrops, J. Meteor. 16:504-510.

20. Oguchi, T. (1960) (1964) Attenuation of electromagnetic wave due to rain with
distorted raindrops, J. Radio Res. Lab. (Japan)7:467, Part II, J. Radio
lies. Lab. 11:19.

21. Lu' e, G.D. (1968) Penetrability of haze, fog, clouds and precipitation by
radiant energy over the spectral range 0. 1 micron to 10 centimeters,
NAVWAG Study 61, AD 847658, Maj.

22, Mie, G. (1908) Beitrage zur optik trubcr medien, speziell kollodaler
metallosungen, Ann der Phys. 25:377-445.
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may be used to calculate the exact absorption ard scattering propertics. An

excellent revicvw and application paper' was Ir ~blishc'd by Gunn and East, 23 applying

the Miie Theory- to the scattering of" microwaves by liquid and solid hydro11Corteors.

A limitati l ol the Goon and East work is that they considered only those fre-

quencies of use" to radar.

In the IVI ic Theory, the following terms are defined for the scattering of a

plane wave by a hoenogeneous, dielectric sphere (pure water sphere in this re-

search). The extinction cress-section Q.xt (,2 ) is the sum of the ahsorption

cross-section Q and the scatterting cross-section Q', (where L is the unit of

length)

Qext ý Qa + Qs (1)

The extinction cross-section is defined such that Qext multiplied by tire incident
power yields the total power extracted by an obstacle, either by absorption,

scattering, or both, from the incident plane wave.

Suppose that Wi is the incident power density (Watts 1, -2) upon the droplet.
The extinction cross-section is the ratio of the total power P(watts) extracted to

the incident power density

Qext (' (L2) (2)

In the Mie Theory the scattering coefficients are expressed in terms of a dioren-
sionless size parameter x = kr, where k = 27/X is the free space propagation con-

stant and r is the radius of the sphere

2 -rr

X is the wavelength of incident radiation surrounding the particle. The physical

importance of the particle radius and the wavelength is that these two par-ameters

determine the distribution of phase over a particle. This is seen from the incident

electric field E.in = exp [-i(kr - Lot)). When the radius of the par'ticle is much less
than a wavelength, the phase of the incident wave is uniform over the particle

(Rayleigh scatter). When the size of the particle is comparable to a wavelength,
the phase of the incident wave is not uniform over the particle, and there results

spacial and temporal phase differences. These differences exhibit themselves as

23. Gunn, K. L.S. and East, T.W. R, (1954) The microwave properties of
precipitating particles, Quart, J. Roy. Meteor. Soc. 80:522-545.
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illterreprlnt-es in tih I scattetred wvave. The i ntei-fe rences in turn depend upon tire

wavelength of incident radiation, the size (r), index oF refract ion (m) of the par'-

tiClC, and the ang•llar position (0) aimund the scartttere. It is the relative size,

that is, ratio of the particle size to wavelength (r/X), which is tihe physically

important paoamclor. At lower relative size, that is, x << 1, MIie Theoery reduces

to the Hayleigh approximation (Figur'es 6 to 13). Specifically, the MIiie Theory is

a mathemati.al scries, the first terms of which are equivalent to tire Ravleigh
24

expression. T4Thus Mie Theorý' describes accurately the extinction by paitlicles

of any relative size. The M ie extinction cross-sectionQext and scatter cross-

section Q arc defined as

- X

Q -xt 2"" (2n ; 1) lie (a 4 ) ('3)

s 2,7 11 1
n4s 4 -- E3 (2n + 1) [Ia 1~2~ 2 4)

ni1

and from Eq. (1) the ab6soption c'oisa -section Qa is

Qa , cx " (-Q (1')

whrci- a H src thec xlii cor-effieioeats

lie denotes "real inprt of'

The iMic coefficien-ts aore given by

-i, (inxi) xij(X )] I - jl!(x)Ilrxin(nx)],
-t - n i - (5)

U j(rux)[xhi(2)(x)] -1( h) 2 (x)[nnxj (nrx)J
-11 n It

b, I _1(X)[irnnxj (nix)] n- m 2 jn(X)[XJn(x)] ,
,b ni

24. Penndorf- 1R. (1963) iiesearch in Aerosol Scatt-ring iil tire Inft'ared,
Final Report, AFCII-3-',13-688, AU
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h (2) is th order spht:cral Ilankel function of the second kind,

n

The 8pherical JBcssel and Hankel functions are related to the ordinwry cyclindriCal

functionTs j(x) W nd 1 ( (x) by

1 /2

" "=(&) 1/2 (7)

hn2 W /21(2)n~/tl W 8
T1 2A n+1/2

Beaders should be aware of the differences in notation bctwcen this report and

works of Van de Iulust, and Deirinendjian. Van de Hulst employs an efficiency

factor for extinction Q ex- defined as the ratio of the extinction cross-sctcion to the

geometric area presented by the drops, that is

Qext W r2

In Van de Ilulst's notation Eq. (3) becomes

Qe - E (2n - 1) Re (a + b) (3t)

n~1

Physically, the extinction cross-section efficiency factor is the fractional cross-

sectional area of a particle that acts on the incident wave. Similar definitions for

scattering and absorption efficiencies are defined by Van de Hulst. Deirmendjian

on the other hand, uses K to represent Van de Hfulst's efficiency factors. In this

report K = ',m" - 1)/(ni2 + 2) (see Eqs. (10) and (11)).

In the limiting case when r << 1, that is, x << 1, the power series representa-

tion of an and b in terms of al, b and b are significant if higher ternis than X6n n 5 "1 242z1
are neglected, see Kerr, 5 Pennuorf, or Van de Hulst 1 (p. 70) for details.

In this case the cross-sections r, duce to the Rayleigh approximation

2 4 x r (9)
QsR -- 2-r 3 2 +

25. Kerr, D. E. (Editor) (1951) Propagation of short radio waves, Radiation
Laboratory Series Vol. 13, McGraw Hill, New York.
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or Van de llulst notaL ion

6 11 4 Jil. In I
Q - X 02 (11)

and

Q a - 3 JI ll - -- J (10 )
am V 2,X

or Van de Hiulst notation

Q11 11121
Q. (10)-

9a E . r- 4x Im - (10)

where li denotes "imaginary part of'. Defining K ( -li = -) Eqs. (9) and

(10) become

128 ',• lIZ! __ (51)

3

8 3 2  -- Ihn (-K) (12)

''he cotoplex index of refraction In is defined

III n - iK (13)

where n is the index of refraction, that is, the raio of thi e spfod ot ILtgI or the

particle to speed of light in air; K is proportional to 'he hulkl-obsovpthion Coefficienit.

Im (-K) in terms of n and K is

G ILK

Irm (-K) 226 lK(14)

2
(n2 + K ) + 4(n2 _ 2) 4

Thus for a lossless dielectrie, that is, one in which K 2 0, the absorption cross-

section is zero. In this case the extinction (atternuation) is due entirely, to scatter-

ing. This is seen by Eqs. (14), (12) and (1') where Im (-K) C0, Yor' a lossy
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4
research papers. Silvermnan summarizes both fog and cloud dropsize distribu-

tion6; his table is reproduced here a6 Table 2 with an additional parameter, liquid

water content Il(g/m' ). Note that the tuesoscale parameter (M) liquid water con-

tent for fog and clouds are the same order of magnitude, whereas the microscale

parameter of the dropsize distribution, No, (a, and b differ by orders of magnitude.

on the microscale level fogs and clouds are distinguishable. This fact is irnpor-

tarl for infrared ca•lculations of t-ansmittance and attenuation.

Table 2. Cloud Models: Dropsi'e Distributions and Liquid Water Contents

[n(r) a ra exp[--br]

Model
Cloud Type Number a b N (erm-) a M(g/m3

Heavy Fog 1 1 3 0.3 20 0,027 0.37

heavy Fog 2 2 3 0.375 20 0.06592 0. 19

Moderate Fog 1 3 6 1.5 100 2,37305 0,06

Moderate Fog 2 4 6 3.0 200 607. 5 0.02

Cun1 mlus 5 3 0. 5 250 2.604 1.00

Altostratus 6 5 1. 11 400 6. 268 0.41

Stratocumulus 7 5 0h 8 200 0. l4 6) 0. 55

Ninibostratus 8 1 0.333 100 11.089 0.61

Stratus 9 3 0.667 250 8. 247 0.42

Stratus 10 2 0. 6 250 27.00 0. 29

Stratus- 11 2 0.75 250 52.734 0. 15
Stratocumulus

Stratocumulus 12 2 0.5 150 9.375 0.30

Nimbostratus 13 2 0. 425 200 7.676 0.65

Cumulus- 14 2 0. 328 c0 1.41][5 ,
Cumulus Congestus
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Silverman's advective and radiacive fog models (termed heavy fog and mod-

erate fog respectively in this report) are in the opinion of the authors, the most

representative models, 33 Advective fog is produced by the transpor't ,f moist air

over a colder surface resulting in the cooling of the surface layers below :heir dew

points, with condensation taking place in the form of fog. Mlost sea fogs are ad-

vective. Both the size range of partticles and the liquid water contents ate large

(see Models I and 2, Tfable 2). Radiative fog is produced when stagnant moist air

is in contact with ground that has become F rogressively cooler during the night

due to radiative cooling. The cooling frLna below produces a temperature inversion

in the layers next to the ground. This type of fog has both a small size range of

particles and a small liquid water content (see Models 3 and 4, Table 2).

Cloud droplet size distributions are more difficult to model. Mason, 5

Fletcher, 34 and U3orovikov6 are the texts consulted by the authors, Research
4 3

papers by Silverman, Carrier et al, 32 and the references therein were consulted.

The paper by Carrier et al was not chosen because the dropsize distributions

quoted were found to be in disagreement with original references, Table 3 is our

fitting of the gamma-function distribution to Carrier's Table 1,

Table 3. Dropsize Parameters for Carrier's Data

N a xr 4x 6 r b a Mg/m3

Cmode

Stratus I 464 8 0.85714 2. 286 19. Gl 0, 16

Altostratus 450 6 1.0 1.33 4. 6 0. 40

Stratocumulus 350 3.5 1,257 1.0 30.09 0.24

Nimbostratus 330 1.0 2.7 0.28 26.7 1.4

Fairweather Cu 300 8 0. 85714 2.286 12,68 0.1

Stratus II 260 3.5 1.2667 0.771 7. 182 0.37

Cumulus Congestus 207 1.5 1.914 0.4285 18.71 0.43

Cumulonimbus 72 3 1.4 0.6 1.555 5 0.16

33. Stewart, D.A. (1977) Infrared and Submillimeter Extinction byFog. TR-77-9
U.S. Army Missile Research & Development, Redstone Arsenal, Alabama.

34. Fletcher, N.H. (1962) The Physics of Rain Clouds, Cambridge University
"Press, London.
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Special notice should be given to Carrier's liquid water contents. In a p'iv]t(c

communication with Silverman, the large discrepancies l)etwcen the liquid \witter

contents calculated using a gamma function and those quoted tn the litcrature were

discussed. The values quoted by Silverman ar'e typical clouds, based on data from

JBorovikov et aU and other sources. The variability of liquid water .,intennt may he,

n8 large as a factor of five from those quoted in Table 2. Thus, it may hr seen

how difficult it is to model clouds with representative dropsize spectra and liquid

water content. Research has shown35 that the liquid water content of non-precipi-
3_ 3 ira prcpttn lu1tating clouds have values from 0. 1 g/m -0. 5 g/m3 whereas precipitating clouds

often have LWC greater than 1 g/Mr3. Figures 9, I0 arid 11 are dropsize distribu-

tions for fog and clouds (given by Table 2). To represent the dropsize distribution

in Figures 9 to 11, Diermendjian's family of distributior functions, which he called

the modified gamma function, are used

n(r) = a rc ep (-br^) ( 1m m- 3) (15)

where r is the droplet radius in units ofjpm and the values of a, -y are related to

a and b

b = 'YV (I1 )

a l/i') (17)

r(i + 1/-)

where

rc is the model radius, that is, radius of maxinmum concentration

F is the gamma function

N is the total number of particles per unit molume

r,2

N = f a r' exp (-br1) dr (18)
r 1

when -y 1 , r 1 = 0, r 2 = c; N = r(r) thus the name modified Fdistribution.

35. Blau, B..H., Fowler, M.G,, Chang, D.T. and Ryan, Rt.T. (1972) Cloud micro-
structure studies, ERT P-375 Final Report NASA Contract NAS 5-21696.
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By adjusting the four constants a, b, a and I• the modified gamma function can

be adjusted to fit the various fog and cloud dropsize distributions. Tables 2 and 3

have -y set equal to I for computational simplicity. This follows the work of

Nlirgian and Mazin, 36 It should be emphasized agair that the fog and clouds con-

sidered are composed of water, and water is very lossy, that is, has a relatively

large imaginary component of index of refraction, so that the extinction is due to

absorption only

Q Q =>QQ 5 Bs1 EXTE R R

The meteorologists usually quantify clouds by the mass of condensed water per

unit of air

cc

p n(r) r dr (g/m3) (19)

0

'3where p is the density of water in units of gim

Defining the volume extinction cross-section for all the particles as

QVEX f QEXT n(r) dr (20)
0

that is, the integral of the extinction cross-section over the distribution of drops.

Using Eq. (19) and Eq. (12) with p set equal to i (g/m ), Eq. (20) becomes

6Or
VEXT M Im(-K) (21)

The result is that in the Rayleigh region the cloud attenuation is due to the total

liquid content of the clouds, It should be emphasized again that this is true only

because of the frequencies considered in this report, that is, the size parameter

Y << 1. The size distribution (Eq. (ib)) is used to determine the liquid water con-

tent of clouds and fog via Eq. (19). As stated previously, the meteorologists quan-

tify clouds by liquid water content (lnesoscale) not dropsize distribution

36. Khrgian, A.K. and Mazin, 1. P, (1956) Analysis of methods of characterizing
raindrop distribution spectra, Tr. Tsents. Aerolog. Observ. Moscow
(translation) 17:36-46. "

34



(nicroscale). Thus the modelling efforts for clouds and fog is mucll simplified

and the extinction calculations are just multiplications (Eq. (21)). Function

GAMFOG in Appendix D accomplishes these calculations,

The calculation of attenuation (extinction) for rain requires both tlhi lull Mie

series of Eq. (.) and the dropsize distribution of Eq. (15). The adaptal,,n of

Eqs. (3) through (8) to a computer is given in Deirmendjian (p. 14). Thi-s pro-

cedure has been followed. Deirmendjian also enumerates the useful properties fI

the modified gamma function, specifically Eqs. (16) to (18) above.

If the Deiermendjian distribution, Eq. (15), were to be used for rain calcula-

tions, the distribution function would have to be made an explicit function of rain

rate, because the rain rate is the meteorologically measured paramnucer. This

procedure of relating the modified gamma to rain rate (R) is shown by Dyer in

Cole et al.37 Another procedure would be to use Eq. (25) to relate R and the

Deirmendjian distribution. In this report, rather than basing the calculations on

purely mathematical (theoretical) procedures, an empirical dropsize distribution

function will be used which relates n(r) to rain rate (3) explici!tly.

Laws and Parsons 3 8 (L-P) provided the first extensive empirical data of rain

rate vs dropsize distribution. Later, Marshall-Palmer9 (M-P) proposed a drop-

size distribution based on their own research and that of Laws and Parsous which

has the form

n(D) = n 0 exp [-bD] (22)

where

=8 X 104 am-1 m-3

b =41R" 0.21

b is in units of cm-
1

R is rain rate (mm hr-
1 )

D is diop diameter

Notice the original definition used drop diameter, not radius and n(D) in units of

cm m-3. The units of dropsize distribution are not standardized (see Table 4).

In addition weather radar specialists often use N(r) instead of n(r), however for

consistency we will use n(r).

S37, Cole, A.E., Donaldson, R.J., Dyer, BR., Kantor, A.J., and Skrivanek, R.A.
(1969) Precipitation and Clouds, AFCRL-69-0487.

38. Laws, J.0. and Parsons, D.A. (1943) The relation of raindrop size to
intensity, Trans. Amer. Geophysical Union 24:452-460.
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Table 4. Units Utilized for Scattering by Distributions

Radar Specialist

nip) or zD) in iii- Cn 1

Weather Radar Specialists

1(r) or n(D) inm3 i

Optical Specialists

n(r) or n(D) in in -3 -1

oil

n(r) or n(d) in cm'-a prm-

Meteorologists and weather radar specialists often use dropsize distribution

as a function of diameter, and a(D) is either in units of cmI n-3 or mm"1 m-3
-l -3

Optical and infrared specialists use radius, and n(r) is in units of pin enC
-1 .-3

In this report n(r) will be used witn units of mm m ; thus Eq. (22) becomes

n(r) = 16000 exp [-82R- 0 21r mm- In-3 (23)

The changes in no and b from Eq. (22) to (23) are the result of changing from drop

diameter to radius and units of cm~1 to m-i . Numerous other values of n and

b have been published which allow the M-P distributio,\ to fit measured data mo-ve

accurately in varying rain (synoptic) situations (see Plank, 30 Joss4 0 and Table 5

below). Other raindrop size distributions have been employed by researchers

n(r) = arc-4 exp (-(r/b)3 Best 4 1  (24a)

n(r) z ar3 exp (-br) Khrgian & Mazin 3 6  (24b)

n(r) a r exp (-bri/ 2 ) Deirmend~ian 0  (240

39. Plank. V. (1974) yromieor P'arameters Determined fronm the Radar Data
of the SAMS Rain' ErosionPrT-gram, AFCRL-TR-i7-4-T0: E-n mental
Research Paper No. 477), AD

40. Joss, J. and Waidwogel, A. (1969) Raindrop size distribution and sampling
size errors, J, Atmos. Sci, 26:566-569.

41. Best, A.C. (1950) The size distribution of raindrops, Quart. J. Roy.
Meteorol. Soc. 76:16-36.
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The distributions in Eq. (24) contain several parameters which must be adjusted

to fit empirical data. Unlhss data are availaible from other sources, only onte

parameter can be fixed, The Marshall-Pahrer Cistribution wih lio fixed, has

only one parameter b. This is another advantage of the M I-P distribution ovt'r

other distributions. Even though many exceptions do exist, the M-1' dis! ihal ion

appears to be adequate (see Mason's Appendix 13). I1t is the most reprsetntative

distribution for general application, and lile all the distributions given obove it

possesses an exponential decrease with increasing drop siz,e. It should be men-

tioned that the above distributions are unimodal even though there is experimenntal

evidence that binmodal distributions e-ist at high rain rates. A point specifically

mentioned by many authors is that the MI-P distribution overweights the drops of

very snmall sia!ec. This need not be of concern because the range of integration

empluyed in the calculations, starts at 0. 015 rain (see Table 5, section b).

Dropsiz• distributions are difficult to measure. What is measured is the

rainfall rate (precipitation rate) R, in nuits of mm hr-1, at ground level with

rain gauges or at elevated levels by means of radar. The rain rate R ic related
42

to the cdropsize distrioution through the integral (see Battan 4 p. 71)

.P"2
± = 4- n n(7) tr'ilv(r) -- V,.] dr (25)

r I

where

fR is rain rate (mir5 hr- I

n(r) dropsize distribution (mm- cm-

F d0rop iauLAus ±0±0

v(r) terminal fall velocity of drops in (cmr see-1

V updraft velocity (cm see-1)u

p is density of particles (liquid water density)

-2 -1
Physically rain rate is a flux; its units are g cm' see which meteorologists
convert to mm hr-1. In calculations it is usually assumed that vu = 0 and v(r) is

given empirically by Gunn and Kinzer, Eq. (25) allows an internal computer

check on rainfall rate used in the M-P distribution above. Employing Eq. (23) in

Eq. (25) the value of n may he optimized for rain rates.

42. Battan, L.J. (1973) Radar Qbservations of the Atmosphere, Chicago
University Press.

43. Gunn, R. and Kinzer, D. D. (1949.' The terminal velocity of fall for water
droplets in stagnant air, J. Meteorol. 6;243-246.
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Table 5. Chiaracteristics of Precipitation Derived froom
R aindrop -Size Distributions

Type of
Source Location Precipitation No (ram hr1) b (nim-1)

Marshall- Ottawa continuous 8, 000 4.113- 0.21

Palmer

Joss Switzerland drizzle 30, 000 5.71 21

continuous 7,000 4.1H-0.21

thunderstorm 1,400 3. 0R 0 . 21

Joss's value of N = 7000 gives good results for rain rates less than 50 mm hr-0

M-P continuous and Joss drizzle are used in Figure 12 to illustrate the LWC of

precipitation. The range of values of r 1 and r for various rain rates as given

by Dyer, in Cole et a13 7 are indicated in Table 6, section a. Section b values

are the values used in this report.

Table 6. Range of Integration

a) Dyer

Rain Rate

(ram hr- -I (LUI) 12 (ramin)

R •5 1 0.33 1.13

1s R _s 5 0.63 1.5

R >25 0.75 2.3

b) This report

B (mi hr- ) r 1 (mm) r 2 (mm)

.25s: R -s 150 0.015 3.3

As seen in Table 6 for the rainfall rates considered in this report, the range

of integration over radius is from . 015 mm to a maximum of 3.3 mm. The range

of rainfall rates from 0.25 to 150 mm hr- 1 is chosen because it is representative
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of rain rates eincoirritered world wide. Pain rates as high ;is 300-400 ntoni hr-1

onuy b' ncvoutetlr-d in tropical r-ains, but have a tiltrio duil atoio of only about

1 minut-z. Hain rates of this or'rie ' a ic 1o0 specialized to be onsidcrtcd iii this

report, where the n1a1in erirphitAs is is on world-wvide attiiispheiic modcls.

10.0 1 -TT-1 rr Tp-r -- V-TJ Ti- --- -- ---- -In-r

PRECIPITATION LIQUID WATER CONTENF

I---

0.J

.01 1 1.0 10.0 100.0
RAIN RATE (mm/k)

Figure 12. Liquid Vsater Content (p/n) 3 ) vs zA .'Fnction of Rain Hate (mnm /'ii)
for Drizzle Employing the Joss Mode! for Dropsize Distribution and for Rain
Employing the M-P Model. 'rhe relations are Joss M . 1lfl-88; M-P
M = .072B.88

5. MODELS

This section will review typical mid-latitude fog, cloud and rain models. The

general concepts for such models are given. It should be re-emphasized that the

theory of scattering by hydrometeors is well known, and that the meteorological

statistics of thewse scattering particles are not so well known. T"his fact impacts

the systems designer of millimeter and submillimeter systems. The completely

deterministic propagation system modelling of the microwave region has to be

foresaken for the statistical propagation models of the millimeter and submilli-
meter regions forced on the system by the physical properties of the atmosphere.

"39

z I I I I I I , I I I I I I I I.If.f.. I I



1

In Sonic11 syVstes he tlur"" ýr "wl. lur t u c" calSe , misis for propagatiol is not pc ;:i-

hhle bCcausc 1oe tile worst casc the atnmorslicrC ila.y be opacqut fo,, a.1 practicai

pJl irpoe S.

II is a 6imph, proccdutic to identify the physical a)id nietcorologictal pI raruetels

requi red for Ca tlhilationl Cf attecluation arld teratinis ion. They are

n10) - ihiopsize di6stibutioll of hydroonicteors whiich is related to liquid

atcri content i 0 arid the ra:,ifall rate li

- wavelength of incident electromagnetic wave

In - index of refraction of the drops

"T - thernioiiietric temlper-ature of tile drops

h - thickness of the fog, cloud, rain system

In addit iton it is necessary to know the frequency of occurrence of clouds, and when

modelling a cloud/rain situation, it is necessary to define a consistent model of

cloud liquid water content arid rain.

The parameters n(r), X, in, and T have been reviewed previously. The latter

three parameters of thc above list, that is, thickness h, frequency of occurrence

of clouds, and a consistent water content model, will be expanded on ni this section.

5.1 Gloud Models

Clouds are classified as low, middle or high according to the following rough

estimates by Berry et al.

low clouds 0-2000 meters

middle clouds 2000-6500 meters

high clouds > 6500 nmeters

In addition to these classifications vertical development of clouds should be

inicluded. Table 7 relates the general classification of clouds to specific cloud type
notnenclature.

In this report, only water clouds are considered. These clouds belong to the

families of low and middle cloud classification. High clouds (cirrus) are usually

composed of ice crystals. References for cloud types are Mason, Borovikov, 6

Derry et at, 44 Carrier, 32 Luke, 21 Diem, 45 Weickrman and Aufra Karnpe, 46
47 48 4

Durbin, Gates and Shaw, and Squires and Twomey. 4

Cloud water content i5 related to cloud droplet spectra by Eq. (19). Table 2

as originally proposed by Silverman is for "typic.al" clouds. These "typical'

clouds are not average values. For example, Cloud Model 5, cumulus, has a

Due to tire number of references to be included as footnotes on this page, the
reader is referred to tihe list of references, page 53.
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sice lx'ialeigh scattci'ci's (sc' b`ionic-s G to 81, 7l\li1 xvs lipyl~igli, cxvia11lcil scal', anid
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Theii iCtqucnu -y Of oc,11'oui'icec of 12i0110 and clould 1-\iii's is beyondiul rim scopii of

tile jwioseiit pat'lOI - Syat e11,i dsins and i'ccai ii's Shouilid conlsult thie fotloix -

Soomn C5 uttuimin, 51 (Qliayl' 0i aIL, -2 Vishlm, 5 and lo'ht

rinblc 7. Clouds Classified ALccdmid g to lie iglid

Cloud liciglits

Lo~w Clouds

St isitils St 0-2000 cllete's

S t I','Itt'u)Cu1Mu11LIS S C

Nhinibostcatusi Ns

Middle Clouds 2000-63300 i1i0ctcv

"A twist Ilt Lus -As

"Alto- uni Iu!u A

(nlot conis idcited in TPable 2)

ye 'itocai Development Clouds

('umu1.1lus Cu 700-8000 mci100i's

Cumulonjimbus Cb 700-20, 000 metci's

(not consider~ed in Table 2)

50. Soloil on, L. (19G3i) Est ivii lid li-rcquencies ofjSpecific~dj1 <lou Amlounts a ithIinl
Specified Rlanges o7f Altitud~es, -AWS 'I'l No 167.

51. Gutlmaain, N.P1. (1071) Study ojjf Wcdwd ()eoux'ruc uifllg F 'Lq hundcrs6 low Co1-s,
S~upeLiýooolod how Clouds1 and Ft ci'qucricv Tom pei'atui'es, Na:vailc 50-iC - 60,
distr-ibuted by NWSEýD, Asei )cvfl,ý N.C. - -

52. Quayle, 11. . , Mesci-ve, J. l\1. and Ciutolici',1ii. C.(loit)I'llm0t4l0g-r!
MoIan Probabilit y of Penietr-able optical Pathi, disttflbutord bYN-OA-A,
Asheville, N. C.

53. \T tshorl, S. S. (1966(3) Cjlinatlo Atlas of the United States, liai'vai-d Univers8ity
Press, Cambr-idge, Mass.
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Figure 13. The IPeal nod Imaginary Components of the Complex Dielectric Con-
stant (Calculated fr-ur Ray) for O°C, 20-'C and 400(2

"rhe two cloud types altur-umulus and curnulonimbus of Table 7 nr'c not con-

sidered in 'Iabte 2 because too few drop size measurements have been made in
these, clouds. Gates and Shaw 4 8 consider nimbostratus and f'air-weather cumulus

to bracket altocumulus clouds.

In the millimeter, and submillimeter frequency cr-ago, since clouds are

linaytimgh scatterers, altocumulus can be modelled by assuming a liquid water
: ~content between that of the nimbostratus - and fairweather cumulus (I hat is,

-'-U.5 g on -a).

Table 8 relates the cloud models of Table 3 to cloud thickness. The range of

values of" thickness may be large for these mlodels. For example, advert ive fog

can be from 30 rooters thick to 300 meters thick depending on meteorological con-

ditions and geographical location.
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Table 8. Typical Cloud Model Thickness

S ilverm an's 1M odel Ilcig ut (in)

Nunber ~Bottom Top

1 0 150

2 0 150

3 0 75

4 0 75

5 660 2700

6 2400 2900

7 660 1320

8 160 1000

9 160 660

10 330 1000

I1 660 2000

12 660 2000

13 160 660

14 660 2700

660 3400

5.2 Rain Models

Precipitation as it affects propagation requires a knowledge of the variation of

rainfall rate and dropsize distribution with altitude. Such data have tn be renated

to the surface measurements of rainfall rate. The occurrence of various intensi-

ties of rainfall cannot be obtained directly from climatological records. Usually

the climatological data are available for average monthly, seasonal and/or annual

totals of precipitation. The quantification of rain rate (per hour) is subject to

much uncertainty because rain gauge data are recorded every 6 hours. Through-

out Europe and the United States clock-hourly precipitation data are available at

selected weather stations. Clock-hourly rate is the total precipitation on the hour

every hour. The instantaneous rates of precipitation may vary considerably within

the clock-hourly rate. For example, a 0.2 mm/hr precipitation reported during

a clock-hour might have accumulated in a 30 minute period at a rate of 0.4 mm/hr

or in a 10 minute period at a rate of 1. 2 mm/hr, Tipping bucket rain gauges may

provide instantaneoub rain rate; these data are available at specific weather sta-

tions. In addition to climotological data, weather radar data are available to

describe the temporal and spatial range of rain rates at areas in Europe and the

United States,

I
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Two standard precipitation irwonsity classificLittons are:

1. Standard Weather Chart Code

Code Rate (in/hr) Bain

V (intermittent light rain)

* a 0-01 in/hr continuous light rain

0. 11-0.3 ir/hr continuous moderate rain

>0.3 in/hr continuous heavy rain

* intermittent moderate rain

Intermittent rain is not quantified in inches per hour.

2. The National Weather Service Weather Radar Code

Code Rate (mm/hr) Rain

0 0 none

1 0-3.8 light

2 3.8-20 moderate

3 20-40 strong

4 40.-76 very strung

5 76-152 intense

6 > 152 extreme

The modelling of a physically realizable cloud/rain system with altitude is

extremely difficult. The model has to be consistent with respect to liquid water

content (that is, the cloud associated with a specific rainfall rate must have a

l4 quid water content the minimum value of which is of the same magnitude as the

liquid water content of the precipitation). For example, the cloud associated with

a 5 mm/hr surface rainfall rate must have 0. 25 g/rm3 ef liquid water. Water
storage in clouds is another factor which has to be considered in modelling. There

are three stages to a rain/cloud system, the buildup stage, the fully developed

stage and the decaying stage. These stages differ in total liquid water content.

We have attempted to model the fully developed stage only, that is, the models

have maximum liquid water contents, The models assume maximum updrafts for

maximtin water storage above the cloud base. In other words these are "worst

case' conditions. For applications to "typical" situations, one can safely assume

the total water content of the rain/cloud syster is one-half that given in the models

(see Table 10). The difficulty in modelling rain/cloud systems is that the researcher

does not know which stage of development the system is in unless measurements

are made in real time. Also, the liquid water content can vary from 0. 5 to 5
3g/rn' depending on the stage of development, season, geographical location, etc.

Thus, it is obvious that only the fully developed rain/cloud stage can be successfully
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mo delled. When applying the models, one has to keep in mind that they- are
" worst eaise'; models. "Typical" models reqvire one-bait the values quoted in

Table 10. In addition to the cloud liquid water content, tlic precipitation liquid

water content beneath the cloud baise has to be modelled. Table 9 relates liquid

water content M (g/m ) as a function of rain rate 13 (mm! hr)

Table 9. Relationship Between
Liquid Water Content and Rain
1-ate

M = 0.0721W88
83

M = 0. 0713'

lv 0. 052R'"9

54

Table 9 is Atlas's data taken fromt Sissenwine and it applies to both cloud and

precipitation. Other relationships have been used in waItch the exponent of It is

set equal to 1. , for example, M = 0. 051H.

In addition to the liquid water of clouds and rain, the water vapor in clouds

should be assumed to be at saturation (100 percent humidity).

Drizzle and orographic rain cannot he modelled as described above. The

modelling of a drizzle is questionable because a drizzle is comprised oif a large

amount of small droplets the diameters of which are of tha order of 100 pnm. In

this size range of particles ýt is diffieult to separate cloud from precipitation.

The drizzle for a stratus type of cloud system has a rain rate <1. 25 mnm/hr or a

liquid water content of - 0. 10 g/mn and the cloud aesoctated with the drizzle may

have I,WC as high a I g/m 3. This associated stratus cloud may be in contact with

the ground or as high as 500 in above the ground depending on the meteorological

conditions. These considerations have been taken into account in the drizzle model.

Drizzle Model 1 is a typical drizzle (see Figure 14). It is possible to model drizzle

as a precipitation rate 1R up to the cloud base, and then a LWC in the cloud which

is the sum of two equations M ý 0.0511 (cloud) and M = 0. 07211 88 (precipitation).

These same equations have been used in Models II, III and IV (see Figures 15

through 17). Table 10 relates model altitude to liquid water content.

54. Sissenwine, N. (1972) Extremes of lHydrometeors at Altitude for MIL,-STD-
21013, A.CI3L-72-0369, AD

45



TYPICAL"FULLY 
DEVELOPED

TOTAL WATE R

1.0

0.55

M/n3
)

Figure 14. Model 1: Drizzle, -1. 25 mm/fir
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Figure 15. Model JI: Steady Rain, q mh(3-8 m/r
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5.0[5. "TYPICAL"

4.0 - .L FULLY DEVELOPED
TOTAL WATER

3.0 . . . o. .

I-4--CLOUD WATER
2.0 -

1.0 -•J r• - ° -•

C1.0 2.0 3.0 4.0 5.0

m (g/m 3
)

Figure 16. IViodel III: Steady Rain, 12. 5 mm/hr
(7-20 mm/hr)
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'Iable 10. h0mi'.Iotll

Unit Distance Liquid Water COntent

(kin) (g/11 3 )
Model Njaic linac Top Fully Ducvclpud 'Typical"

I. Drizzle 0. 0 0. 5 0.55 0. 27
<1. 25 mm/hr 0. 5 1.0 1. 10 0. 55

1.0 1.5 0.25 0. 12

II, Steady Pain

5 moni/hr 0, 0 0. 5 0. 55 0. 57
0. 5 1. 0 1. 65 0. 83

3<Rl<8 mm/hr 1, 0 2.0 2.20 1. 10
2.0 3.0 1,.10 0.55
3,0 4.0 0.30 0. 15

IIT. Steady Rain 0.0 1.0 0. 6 6 0. 66
12.5 mm/hi' 1.0 2.0 3.87 1, 93

7<11<20 2.0 3.0 5. 16 '2. 58
3.0 4.0 2. 58 1. 2H
4.0 5.0 0.77 0.38

IV. Summer 0.0 2.0 0. 80 0. 80
Cumulus 2.0 3.0 4. G5 2.32
15 mm/hr 3.0 4.0 6.20 3. 10

4.0 5.0 3.10 1.55
5.0 6.0 0. 93 0. 46

The Models Ii, II, and IV as given in Table 10 have been generated from data

of Valley3 and the research of Wexler and Atlas, 55 East, 56 Kessler, 57 Langille

and Gunn, 58 and Hamilton. 59 In order to derive general concepts (rules-of-thumb)

to model rain, the research of the above authors has been compared with the MA-

formula and the cloud liquid water content formulae. The factors required to

multiply the M-P formula and the cloud LIWC formula are given in the following

steps:

55. Wexler, H. and Atlas, D. (1958) Moi:,ture supply and growth of stratiform
precipitation, J. Meteor. :5:531-539.

56. East, T. W. R. (1957) An inherent precipitation mechanism in cumulus clouds,
Quart. J. R. Met. Soc. 83:61-69.

57. Kessler, R. (1961) Kinimatical relations between wind and precipiytalion
otatributions II, J. Meteor. 18:510,.

58. Langi.le, R.C. and Gunn K. L, S. (1948) Quantitative analysis of vertical
Structure in precipitation, J. Meteor. 5:310-. *

59. U•,amilton, P. ',. (1966) Vertical profiles of total precipitations in shower
situations, Quart. J. Roy. Meteor. Soc:. 92:346-362.
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1. The l iqid water cottnt of t hr clou is expressed by the fCorI'Iula

M (gm/)n 0.051H

N. 13. forI 11 < 8 In I/ hr the cloud (d - 100 tpm) may toucIh the eh rth' I s u r faCr, as

in Model 11. For higher rain rates (H?) this is not true (see Model Ill); at these

higher rain rates the larger drops scavenge the smaller droplets.

2. At the cloud base the sum of tie LWC of the rain and the cloud is multi-

plied by a factor of 3 for a unit altitude,. For Model I the unit altitudes are all

0. 5 kmi. For Model II the first unit altitude is 0. 5 km and subsequent unit altitudes

are I kmi. For Model IllI the unit altitude is 1.0 krn. For Model IV, a summer

cumulus rain, the cloud base is raised to 2 kin and the cloud top to 6 kin.

3. At an altitude of one unit distance above the cloud base the LWC of the

rain plus cloud is multiplied by 4, the next unit distance the LWC is multiplied by

2 and the last unit distance the LWC is multiplied by 0, G3.

Figure 18 is an example of the attenuation over a 1 kilometer horizontal path

through elear, cloudy and rainy atmosphere.

It should be emphasized that the above models are to be used only as examples

of typical rain/cloud models. The computer program given in Appendix D can be

used to model any real meteorological system. It is the responsibility of the

researcher to determine what is a realistic model for the geographical location

being considered.

49
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Appendix A

Definitions

a) Transmittance and attenuation

As stated in the text, the AFGLL line-by-line absorption calculation code

HiITHAN, was generated by infrared specialists. These specialists use trans-

mittance to characterize atmospheric propagation, whcreasa, mic-rowave special-

ists use attenuation to characterize the same atmospheric propagation. The

attenuation (a) is related to transmittance (T) by the formula

a = 1 -r

The transmittance at a single frequency for a path of length x is

T emergent power
incident power-

For optical on IR propagation, the rate of attenuation is generally given as an

attenuation coefficient, f3, which is expressed as the fractional reduction in the

transmitted energy per unit length along the direction of propagation

S .x =-n-

so the units are reciprocal length 'here kn$i)
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b) Decibels and N(lpcrs

l.'or r c'roww 'vc and radio prop•gation the dittenuatit) is gerirall x given in

terns of a decibel 1dB) or nreper (less commonly) loss. Decibels ac(, dlfined by:

number of decibels - 10 log1 t 10 log 10 T

A I neper attenuation means a reduction to 1/e of the original value or number' of

nepers = in (I/I) - (number of decibels)I/4. 343

[(-krn-) - 3(neper/km) = 3(db/km)/4.343

Optical depths ace dimensimnless. It should be kept in mind that both nepers

(logarithms to base e) or decibels (logarithms to base 10) are dimensionless units

and the two are related by,

lNp = 10 Log 1 0 e dB 4. 343 dB

*It should be noted that neper loss is frequently applied to the voltage or amplitude

of the elect romagnetic signal on v ave and not to the transmitted energy on power,
as we use above. This leads to an extra factor of 2 relating nepers to decibels.

1 neper reduction in amplitude =8. 686 decibel reduction in intensity
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Appendix B

Subroutine AERSOL

UNC ONGAM FOG a stoI

INDE

content (g/m3) by the equatiop
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where X = wavelength in cm

M = liquid water content (g/m3)

m - complex index of refraction calculated in

subroutine INDEX

FUNCTION GMRAIN calculates extinction due to rain by the full Mie theory,

as a function of wavelength temperature, and drop-size.

- drop-size distribution is Marshall-Palmer

n(r) = N EXP (-br)
0

- DATA WVLTA3 is wavelength table used in ATTAB

- DATA ATTAB is attenuation data table in dE/kni
for temperature 20°C Table B1
(abridged version)

- DATA TMPTAB is interpolation data table for tem-
peratures in oK Table B2

- DATA TLMDA is interpolation data table for wave-
length in cem

- DATA RATTAB is rain rate table in mm/hr

Subroutine INDEX

Applied Optics vol. 11 No. 8 Aug. 1972 pp 1836-1844

Typographic errors in original paper have been corrected as follows:

pg 1837 A 3 3000 A , ,: 2(t 1 273)/5 + 72

should be
A ! 300 cm , c = 2T/5 ý 88

pg 1840 - Table 11 ai column sixth from top 0. 08 should be 0. 009

- equation 12 d. 10-4 sbould be 10-5

Table I11 - w column fifth from top 688.24 should be 588.24

- Equation nkr) n na (70 - X) + nrb (k - 0)0
r r

should be n(r) 0n (7.0 X) + nh (A - 6)
r r
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Table B2. Temperature Correction Factor ror wRepresentative Rains

rrECIP11 ATION WAVELENGTH
RAt E

M1,_/IIR CM 0 10' 20' 30' 40•

.03 1.0 1.0 1.0 1.0 1.0

.1 0.99 0.99 1.0 .1.01 1.02
0.25 .5 1.02 1.01 1.0 1.0 1.0

1.25 1.0s 1.02 1.0 1.0 0.99
3.2 1.55 1.25 1.0 0.81 0.65

10.0 1.72 1.29 1.0 0.79 0.64

.03 1.0 1.0 1.0 1.0 1.0
.1 1.0 1.0 1.0 1.0 1.01

2.5 .5 1.01 1.01 1.0 0.99 0,98
1.25 0.95 0.96 1.0 1.05 1.10
3.2 1.28 1,14 1.0 0.86 0.72

10.0 1.73 1.30 1.0 0.79 0.64

.03 1.0 1.0 1.0 1.0 1.0

.1 1.0 1.0 1.0 1.0 1.01
12.5 .5 1.02 1.01 1.0 0.99 0.97

1.25 0.96 0.97 1.0 1.04 1.07
3.2 1.04 1.03 1.0 0.95 0.88

10.0 1.74 1.30 1.0 0.79 0.63

.03 1.0 1.0 1.0 1.0 1.0

.1 1.0 1.0 1.0 1.0 1.01
50.0 .5 1,02 1.01 1.0 0.98 0.97

1.25 0.99 0.99 1.0 1.02 1.04
3.2 0.91 0.96 1.0 1.01 1.01

10.0 1.75 1.31 1.0 0.78 0.62

.03 1.0 1.0 1.0 1.0 1.0

.1 1.0 1.0 1.0 1.0 1.01
150.0 .5' 1.03 1.01 1.0 0.98 0.97

1.25 1.01 1.0 1.0 1.0 1.01
3.2 0.88 0.95 1.0 1.04 1,06

10.0 1.72 1.31 1.0 0.78 0.62

II
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Appendix C
Computer Input Instructions

Programs required: FASCODI, HIRACI, IBLF4, SCANFNI, FCODMRG and the

subroutine package AERSOL.

To utilize the Aerosol Subroutine in calculation of Attenuation in the Microwave

region (1-1000 GHz) the input control cards must be as follows:

*5. 1 CARD 1: XID(I), 1=1, 7)

FORMAT (10A10)

AN IDENTIFICATION CHOSEN BY THE USER TO BE PRINTED AT THE

START OF THY, OUTPUT AND AS A HEADER FOR ANY PLOTTED FILE.

ON5.2 .:A6 I) 2: i ffil-AC, ITiLF4, ICNTNivi, LAERSL, IEMIT, ISCAN, IPLOT,

MPTS, NPTS

FORMAT (715, 35X, 315)

IHIRAC = 1 CA Ll HIRACi

VAN VLECK-WEISSKOPF APPROXIMATION TO LINE SHAPE
USED IN MICROWAVE REGION

IHIRAC 2 CALL HIRACL

LORENTZ APPROXIMATION TO LINE SHAPE

IRIRAC = 3 CALL HIRACD

DOPPLER APPROXIMATION TO LINE SHAPE

lThe description of input control cards 1-7 is brief and accurate at the present

time. For a etailed and up-to-date description see FASCODEl Report by
Clough et al.
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II131,F4(0, 1) Flag for 1.131Wý ý •.INE BY LINE VIINTlON 4)

I = Yes (extends calculation to 256 WV)

ICNTNM = 0, 1 Flag for continuum (CONTNMvI)

1 = Yes

IAEI(SL , 0 No AFIRSOL Calculations

-I AERSOL Calculations desired

(MUST FOLLOW INPUT OF AERSOI., D/3,A AS EXPKtLAINED

IN SECTION 5. 9)

1EMI'T 0 No Emission - Only Attenuation (Absoapcin Coefficient)

1 1 Emission and Transmission calculations pe-r[ormoi

ISCAN (0, 1) Flag for SCANFN 1 = Yes

IPLOT (0, 1) Flag for PLOT 1 = Yes

VIVPTS - 0 Number of points to be printed from panel

NPTE 1-20

Controls number of output data points to be printed fromn merge

routines.

5.3 CARD 3: VI, V2 (cmI)

FORMAT (2E10.3)

B3eginning and ending wave number values for' the calculations.

5.4 CARD 4: TBOUND (OK)

FORMAT (E10.3)

Boundary temperature (for ICNTRII1 CASE only)

5. 5 CARD 5: ANGLE (degrees)

FORMAT (E10.3)

Secant angle as measured from local zenith. Calculation performed for

Angle of OO-600 and ANGLE of 120'-1800

00-600 sets control (ICNTRL3) for looking up case

1200-1800 sets control (ICNTRL-l) for looking down case

otherwise secant = 0, and ICNTRL=O.

IF ANGLE NOT IN THESE RANGES - SECANT AND XCNTRL WILL BE

READ FROM LAYER CARD (see card 7)

5.6 CARD 6: NLAXRS

FORMAT (I5)

NUMBER OF LAYERS INPUT

5.7 CARD 7: PAVE, TAVE, SECNTK, ICNTRK, (FILHD(I),5=l,4)

FORMAT (SF10.4, I5, 4AI0)

PAVE: Average pressure (M3) for the layer

TAVE: Average temperature (OK) for the layer

SECNTK: A non zero value for SECNTK will override the value calculated

from Angle.

644-q-64



ICNTIRK - I1 0 It peplaces value of lCNTIIL

=, Looking froin II toward 112 tot' Ili l 112

= , ooking f(on)l I Ill I wa rd 112 for Ill - 112

3, Lcoking fromn III toward 112 for I]l < 112

(EILiID(l), 1-l1, 4): Descriptive text defining beginning and eviding of layer

in (1KM) (Col. 36-75)

5.8 CARD 8: (WK(M), MJI, 7)

FORMAT (7E10.3)

WK: Array containing the nmolecula" densities fot- tile layer in

(Molecules/era2)

for: 1120. C0, 03, N 20, Co, C1i 4 , 02

5.9 After each input layerr of CARD 7 and CART) 8 and etc. The following

procedure must be followed in order to utilize the Aersol. calculationsi.

5.9.1 CARD 9: NLYRS

FORMAT (15, 21-10.3)

NLYRS: CA Sust be l less than number of eld, fog, and or rain

cards read in.

NLYRS D Blank or I: signifies no cud, rog, and or rain

between that particular layei.

5.9.2 CARDS 10-NN: Whit-e NN is 11-29

The n0axiDiquid wuaber or input oudvI), IoroG, and o( gtAiN data cards

betweRI each Nain pcogra: layer is 20. If more a-c needed than change

the dimensions of RRA, sDpe, T2 and C2 in subroutine Ae.SOI as "3tsir'd:
1t, P, T, R1t, CI,(3'I, RAIN

FORIMAT (F5, 1, ,51.'l10. 3)

Ih: lteight of Layer, in KM~

P: Pressure for that boeight ion Ceic
&• T: Tein ec-rature in' (°K)

PMB: Relative tHumidity value~s of 0 10
CIOIID: Liquid water content of cloud or fog in (g/m3

R-AIN: Rainfall rate in (MM/'t-JR)

: 5. 10 Example of card squeneing for a specific case.

Problem: Calculate Absorption Coefficient for three 2 KMV layers with

clouds and rain in the first 4 KM for, 0-40 (crn- 1) wavenumbers.

05
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IIEPH ]KSICN'T-: .- SPACVP UN TNE CARD)

CARD) 1: EASCODE MICRO WAVE REGION TI']'

CA RD 2:-. 4 4*4*4414A

CA ID 3 : * * 0, 0.**0 *4 40. 0

CARD 4: 131,A NIK

CARDS5: %ý*~***o0

CARD 6; *4**43

CARD 7: ~**03, 25-1281. 72**4* *4**0OKJly] to 2. 01-RU

CARD 8: 2. 825E4{22'U . 5171.42 1 *1. 355L5412*1. 287F+±18
*3, 448E+±17*7, 3 57-t18*9. 632L ±234*3. 590E+24

CA 13) 9: 4**44

CAID 10: 4* ý0 0 10*io13. 344**2 91. 2 ~~*1. 0 **0, 0 00

CARD 11: %",0. 15-*4**X954. 64**4*288. 94*4***41, 044*0,*L. 0)15
1st 4*4",4,4* * 1. 9 1

Layer' CARD 12: **,,1. 044.44*898. 8v4*4*286. 7*444*4*1. 0*-*4*40, 0415

CAR13D 13: *;'1. 544*3**84 5. 6 ***4*2 84. 34444** 0 **44. 07 8

CARD 14: **2. 0*4***ý795. 04**444282. 24$441 44*,106

7 CAR3D 15: *4705. 087344268. 319844**44444***4*4444**2. OEM to 4. 01MIv

CARD 16: 41. 24.'E3+22*i. 24515±21*1. 25215+1741. 0561+18

42, 82815+17*6. 0341518*7. 00115+2342, 945Ei-24

211d CARD 17: 44444*

L'ayer CARD 18: %11.2. 044,,*44 79,5. 044444282. 2*4~*4,**1. O*~*4*O. 106

CARD 19: ,'*2. 54444**746. 944*4**279, 8*!4*.0440 34
*4**441.25

CA1RD 20: 4*,3. 04*44**701. 24*4*2*L77, 7A*,,****1.O4I~ . 158
4*444*1.06

CARD 21: *43. 5". **-657. 8o*)25.3**4*1. -*440. 176
*444*40,87

CARD 22: **44, 0*****616. 6*4**4273. 2*4*4*41**. 04-'**440. 160

F CARD) 23: 4*543. 780344NI255. 877********,,4 01QIV1 to 60KMA

3 rd CARD 24: *4, 53115+214*1. 010-E±21I4*1. 142E5+1 78. 538E1 ±7
Layer *2. 295h4-,17 *4. 89(E+ 186.G.411 E4 23*2.3 90E+24

CAD .- blank (no rain and or cloud this layer)

LAST CARD: *,000144444*4**0, 0*4*44440. 0 4
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Stjmournc WR~SOt P4174& Op!.I FTN 4, ?+d7f a

I ~SUBKOUrIN4ý AERSOL(IPACi)
C ..##9q...*...444* .4..$$.# .*.....,.. .....

C.
C $ PROýQAN AECYSOL

C * CALCU.AESt LAYTTENUAYIOM IN THE MICROWAVE.MILLIMETER
C AND) S) -4TL hIETER REGIONS

Cc i FAR 1'J79
to C'

Cl T AHOF S

C 4' LEONAQT~ W. ABREU A.F.G.L. GS?-e6i-s17?5

C VIVCFNT 1. FALLONE A.F.G.L. A4JEOVON 475-4775
C.
C . .

CCMMON IABTVLTýP/V1D,v20,OVI,NPTO,O(205,)
z0 COMMON /FILHDFI/ XTDIID),PS'CANTPAVET AVEHMCLIOLi 20) WKIZQ),WN2,O3V,

lVi, V24'IofO''D,VSCOID (17),NMOL., NfLAER

CIMENSTON (EI0~,RIG HI 21

Ccc NLYRS -lsr PE i LESS THAN NUMBER OF CLO AND OR RAIN (ARCS INPUT
25 (CcC f;ET wF EACH LAYER READ IN FROM MAIN PROGRAM.

rCC qBLANK lr~re READ IN - SIGNIFIES NO RAIN AND OR CLO DATA 6BTkhýTN
CCC THAT PIRTITULIR LAYER.
CCC FROM TI' S~roFD LAYER ON IT IS NECESSARY TO REPEAT IlFE PREVIOUS
CCCl VOP LFIwL INPUT.

30 CCC EG. 14PUT AFtTIP MAIN PROGRAM LAYER OF 0-2KM IS
CCC 2 =NLYRS

CCC 11.0 KM ETC . ..
CCC 1.0 KM ETC.
CCC 20K

15 CCC THE I'A
0
T AF

T
ER'MAIN PROGRAM LAYER OF 2-4 KM 1S

CCC 2 =NLYRS

CCC 2.0 KM 'TrC...
CCC 3.0 mM 'IC ...
CCC 4.0 K" ETC...

40 CCC MAIMU'4 NUyPER OF INPUT CLII AND OR RAIN LAYERS PETWEETI EACHl

Ccc MAIN RDGRAPN LAYER IS 70.
READ 9I5,NLYR!Y
IE(NLYTS.NE.0) GO TO 98
RET U RN

45 98 CONTINUE
YR. 0.0

READ 91 G,M,P,T ,RHFCLOUD,Rt'IN
PRINT ?flpHPTQH,CLOUO,RAIN

50 OLOT-T

FIRS~TMi'

OL0R-ROIX'd
55 PRINT 318

00 111 L-i,NLYRS
REDO 9lnopfPTR~HCLOUORAIN



SUOROUTINE hf55fL 7k4/'&, QfT=) FITN %.6+41b 0 0

PRINT jqfl9h-,
0
,T,RH,CLOU0pRAIN

ý-' IF (L) :1'- fLIflh
110 R ?A(L)=z(0. P.R AIN)/ 2.

T2 C I )rOLtl0.T) /2
C?( L Ir)tOL)U4CIC DUD )/'2.

c2C L) =I?(- -q HIf (L)
T'1=1F4TzIL r'ZL

VtRI:l 924,(LC,1()C?(L),rRA(0L
CLI'It
CL Ct-zn
OLD C:CL C ID

7n OLPPrROtIN
11if CONY INLV

FI1NAftL W-W
CRIrfl 91jR, r TQSTH, f It-L"

FIioit ,
75 TAV±1f'/C",

prl A: . 31 ( f .69 5 #1
(ALL SFCoMF (WO)~
f"-) ?PI 3:' ,N"TDl
VJ:V1DFLI PT(J-I)0DVp

60 CJ=VJ2".Q 792E
O 90 ftNT: 7,

DO i2Z 1r1 ,NLVQS
!A-LLO='OAI(LD+GASTDOGC(J,T2(L),C?(2)11

ONGIR AN T= r4ONT*HOIF)LI'C'MRAIN)GJ,T2(LI ,RRAAL) C

fljG MDI0NT/,14.9X+GAACLU/4.343
cor (J)=PJ
LOP Vi4YFC -VJ-PE TA)

90 PAOF5C=VP-(1.-FXPVJ)/(1.+EXPVJ)
IF C3. Fl .2 C =nflJRPDFA C
IVCJ.LD).' Di-0J/RAflF5C
ll()3C=fl(J)t !j/RAOFAC

201 rDNIINIJE
95 CALL SECDNf(XOI

TIP'S 'X1-X)J

PRINT gxC, TIME
PRINT Q17, V1O,V?D

I n T COIN! 920, 4D)J),J=1,NPTO?
301 CONTINJE
905 FORMAT(IrI, 2FiP'3)
S 1 n FORMAT[CF 1.)1,S5F10 .3)
915 FORMAT( j'PO *' TIME=* ,Il 0. 5/)

105 91F, F0RMAT(IHO,10X.#NGT=%(r5.I,# TO %5i/
91T FORMAT(ISlX,-VIO=#,FO0. 3,QVZCZ*,FIO.S//5X01 0(J),J=i,NPTO RAIN + CL

9008 FOPMATCIO4I ,5X,# INPUT DATA AVG TEMP AND AVG CLOUD LYRS*/t)
919 FORMATC~ftrx,F5.j,5F20. IT/C

110 920 FORMAT(C5y,10Ej 2.;C
924 FDRMATUOWK,' CJLDH=,F .I,* M"%,FS.1, T2-*,F10.3O1 E2s,FIO.3,

1' RRA=',FIO0.1/)
AET URN
ENO

'TýilS PAGE IS 1sGST WI
1
'

1  .ARLL
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3UOSQRCIJTYNE TrOV ' _t)15-.-- - TTH 4 2N

5LTflP?.15'4 LOX( AAVOTC, KEY, PCAL.AIMOCI)

r~

r. RA~i 11 log goFAt rv5y b6 THE AEENA?ýTtVL TtICF,. - - S

10 8 S1A ( rHE iMtýC1N~ftV 81Cf- -TH RCFVAACTIVC 1NCýX 17 1 '

C.
c 6 A SL k1 c OF Cpit~sS PRE .O A.n 0 wAriC5 3V.,---------D

rv r5AV A 0r 1 0 0 T ITC S V0 L I I, NO.8,tJ ', U 6P, 16Y-1 A4

I. L

28 3 c r.-2' .ýP wpTr(6,?)1
j rolF AT r I/,/aX, -lTE MFYI NG TC E VA LIJA F CCL A 605(8005TH iSiS THAN

4qjc 4r ýr,N,AI//

Z !:C'I6i1 ,~ ,IAY,4T16'1TON[ IC rAVOATE FrO~ _ATFN-PFQTUQF LESS 1006
7 rE.sREEs rL'NTOGRAr -ý ,//) ______________

LVfE(WAVI ,¶rI!T EAL,oTt1

C - TA-L5. 3 WATE, P ,I P. 14-
"4 lr(wAdl',

V,F(AV *G+?T- 5 ) .. up

A- - A: A? II E( wvL,.L- r ,l889.,5lA42' 4I1-W033) i.2 L,-.2,40

95 4ýq~Ol '. 161 . 29 ,43 719q. 7,, 27C661,2) ________

IFTAL =R AL*(PrJA-.fr'./. D C(.-W 00~~6 2 5' _____

TF__ (C W,6 V . (T..Ct07) 11, 9

f - - _ fwrc . 77,ýC 24 P 4 -9 .- nrnvwnrzri 01, C4.76;9

REAL =P1 '000"- WAVLf .30 01.REAL (0 WPJL- .0 06) /.00 01
fO TO 1 1

10 FAL:OCP(WAVL,1. ?-1907,3525.27,99 .914F.04,15.19635404,1539.,
4 3 ý_ -,924 U~ - 4B;50.f4IUM945

RrAL =Rf AL4R Ez L 4C-27.j'q 001fEYXP((.00002F*hAVL) -*.2 5

11 1(WII( Cf5..3) 6? TC 51

55 1? ATIMAG=AtIlAG4+t(WAVL,. 25,300.,. 47,3. )4AR(WOVL,.39,17. ,.45,i.3)+
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60 89AB(WhVL .29,M0.,.L,.) ___ _00_______

__ TO -To ~ -. ___________ ___

iSj IF(WAVI .GF..0017) 16,17 __________

940(W8Vt,.25,300.,4,2.) _______________

17 IF(I4AVI.GE..0006i3 18,19

IAFIC WA (A. .41, 62. .2iA

70 19IF(WAVI .GF..000'.95) 20,21

C~O TO r7

22 AImDG,'II4AG1Afl(WAVL ,.27 ,2.'7,.04,2.(+AB(WAVL,.U1,41.95,.O6,i.)

ý3 AIMAG~AIMAG+A$3(WAVL ,.27,2.97,.025,2.)-AE.EWAVL,.Gi,4.535,.0b,1.)

RETU RN

IF I N 4 -- 44EM

1 ~SUPROUFINE OE9YE(WAVL,TC,KEY,RF,*1)

________ IF( KEY. KE. 0) 1, 2______________

5 ALPFIA=-i6.ai29/T4.06119265
Tl1J=.Vfi073MJ6bIrXP(25I 7.98/1)
SIG=12.5664t4-lA

1~ I8~91I 7WIC~251+. WU~1 ~~t~5T 0W002 " -

I (rC-25.

:.'.EFIN=3.168 _________________________

C-0 _0 3W E- 5T r F Tr-l. Tr2w r4TT' n

IN 1~~~Sz3.1Ca+.15*1ClTC+2. S*TC+2V0. ____________ _____

_____________ (Z= C1. 570 a* ALPHA ________

F2=(EptErFIN)*Ci** (.-ALPHA )-COS (C 23) EM+SIGvAVL/18. 4496E1.10

_____________ l Az-E2/(C2.*RtE) _____________________ _____
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j ~~~~FINCTI r'N (lOP (WAVIA ,CENI ,RCCENZ ,O,E ,CEN3, F,GI _______

YZ= EV 2-- __

5 H-r.EN?''2-V2

FNfl

± ~~~FUNCTION ABCWAVL,A,CEI4,r,C) ________

R17TURN ______________

FIJNrYIrN GAMFOG(FPl2G,T,IRHO) ______

C ComrUlES ATTENU1%TTCN OF CCNDENSEO WAYFR IN CLOtICS OR FOG

0 C FRO' FREOUENCY (GH73

T =vtfzNtAIJKF- (ULUREES K~ELVIN)

T ~ ~ co ~tNil E WA7FwnpVAFUP rCUNTLCR V7T_ i~wr
___ C CINDEY=COM4PLEX CIELECTRIC CONSIANT II FPON I~NDEX

COMPLE)' C1NUFX,CINOX ____ _____

±5 _______ 2 fEQ=F2UG/29.979____ ___ __

HIAVL=20 .979/'FROG ________________________
'ft.= r. 27 7 .2 2

CbLL IrOE)iWAVi., IC, KEV,R[AL,AIMAK)

rAMF0G=M.i8688FREQ*PHC*AI4AGf - CNE-21/CNE1*+)

F~n

7 2



---TU~T=IIWfTK --- 7q774 Ph

j ~~~~FUNCTION AIT iARGVA'-X,NOIM)____________

_______ IP4 SCIFNTVFIC SUBROUTINE

MP1ENSION PRC1T~l4FT-V'AfNTH041

C S70FT (,F AjKEt4-L0Cf _________ ______

H= A PG 41r) -A PG (J) ___ ________ __________

Is 2 VAL (J)-(VA L(I)_'XC-~4 G (J) -V 6L J) (x- At(C(II)D I/H

c FNO OF ATYKFN-LOOP ______________________

__________ 9 RETURN _____________

C T4ERE PRE TWO IDENT MAL AR)CUPINT VALUeS IN VFCTOR ARL
13 IFR=SI

71 ___ J=TENC ___________________ ___



I N ' .b Eb

j FUNCrTIrN GMRAIN(FREOV,1%PTE)

c COrrultS ATIENUATION OF CCPOENSE.C WATER IN FORM OF RNIN

SC FREfl FREQUENCY (GHZ) ____

UT~ TEMPERATURE (DEURLES KELVINI
C RAT' z RECIFITAIIZ"N RATF (NMMI~) ________ ___

la W 1814 AHULE A R FJWUTFrCUWI1CUlLAJPC FROM FULL Mllt IHMTr
__________C UTILIZING MARSMIALL-FALNEA SIZE DISTRIt4UTION WITH RAYS INOFX

15 C

! IMPTAB IS INERPOLAIICN 0811. TAPLE FOR TFMPERA1URES 7NUUKLI

t0 NI~r~ T ER POL AT INDAA AL O 1

t~nr1T~lX~wt -"SUE IN NM/HR

e FACTOR 15 TABLFCUF TEM~RLRGLRt UONRtCIIUN r5C1OR5 FUN
-25 __ C tASLE Al~iAS FOR AEPFESENTA'TIVE RAINS _______-___

C ___ FT. FLORANCF O.N.R. PýSAPENA CA. _______

_________ C

_________ DMENS'ON V13),Y(3),ATTN(3) ,PATES(3J
--rrwEWtSrUnvlliwrx~x-rnIIXKj- I- )T-ArnTTfl15s -

35 lATh HVLTAB/.03,.033,, .0375,.043, .05,.0of-,.('7so.It.I5.,2,3.5,

VATA RATIOS /.253,1.25 ,2.5,5,,12.,.50i0,10.

CATA. T'P1A/273. ,283. ,293. ,303. ,3i3,/

1.874, .773,. 656,.'539 ,. 434 ,. 179 ,.634,___ ___________

-. 2.IY~XFTWTTTi,.BF-2f 21-..11c.l7E,.ZC-s.3E

Ila. sqriII, 813,.56 9. .al 0-1.3 3 tŽ94 9

3.jYE-,.iŽE-..9?L-,74IE3.SE!.4E



22.71, .f 911,-*245 ,9O 0920,.0 399,. 0282, 9.0209,t ____ ____

3 .0161.. 0 123, -- 67"- iFX2~h f6Y~ - -_
63 CATODUTTAO (1,6) 91= 1927)/14 .27,14..0,14 .58,14.?79,l15. u ,15. 33, 15. 7i,

1168 . 56lo, 51,6 . 23 ,. 1 OG .0 ti, '

3.0362,. C2?9, .0180,. 0127, .gq4E-2, . 4E-21-fj
______ DCAIMOATT AR (I ,) .t=l,271/2i.7'd,21. 97,22.24,22. 54,2?. 90,23 .36, 23.Sa,

_____________ 210. 37,?.234 .38 . 602, .265,.I179,.124, -____

ru~ a~un~nqu. 02 6', -1 91 j U7
CATMA (TTABI1,5a),I1= ,27)/ 33. 2i,33.'.9,33.0A,3ý.,32, 34._,5593.0

TX77~57s .1 8,39 . .39r, 779 .0 4

____ ______CATA(ATTAB(1,9),lIa2?)/'.2.48,k2.082,43.30,43.8%,'.4.S1.45.53,46-d.-/,

-- 1 P '~r17fi~tI,1.b59 34.46,
22?. 59,10.06,4. 66,2.49,1 .24 ,.8?2,.613,

II1F.iV12T, b -0U.0 .. 0 2, ,1 .' ,p.9- ,
S2.51. 25,1.0, 0. 81,O0.E5,1.?2,1. 2911.090.?70,0 .64 ,

61 0 b.1 a.0 1. .1. .. .1. .1. .0 0,

7r19 't. ,TVTTT Y V17.9,0 6,T 0. 971. 1. ,.0-,-

81.04.1031.,0.95 .8,1 IV, 1.013T.9o06,_____

IJATU-RITETWf. 051
c GIVE ZERO ATYN IF PATE FALLS BELOW LIMIT

IF(rATV.G .~AiLIt1I U0 TO 12 -

611RAIN = 0. __ ____________________

W5 WE V Nli
___________ 12IJLT;' t 29.'J?9/CREO _____________

1F(HVL,H.CT.WVLTAR(1)) GO To 14__
ILCW=0

too J'IAX:2____________
nriU-D- a

___________ IHIS 1915C LOOP IS 2 LESS THAN N0. OF WVLTAD INPUT

IF(WVLTH.LT.(.5*(WVLTA8(I1*HVLTABF(Itl)03)) GC TO 16

165 is Cu ý - - -
ccc SET ILVe EQUAL TO I 1555 THAN DO Mpg

GO TO 18

III 16 CONTINUE __________

'JO 190 1-2,7

______________IF C~RAE. L.I.5(.SRATTAB(I)tAATTAO(XI1))H)GC TO 195
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115 CO TO 1 98

198 CONTIN4tr
ro ip ý- R- - -________

=J IL OW *J
12U J

20 rO0N IINL'E

7z -A[ OG(WýLTH)

12S RJKJ1MI*K

rr-w r --------- _ __ _ __ _ __ __ _ __ _

VJ - CO (A TTAL8HJK.1o,

__________ TTN(K) E)(P(-AITK,(X,Y ,7,j10X1

- c APPlY TEMPERA TU1Rt CORRECT10v

135 __ IF(I.LT.TMPTAI3(I)) CO To 32

TLOW =4
(,c I a

3.7 ILOW =-

00 (-1 J=2.6,

______41 CONTINUE

4.3 JIOW = -

(TO 50 61=i,2 ____________________

120 49 JýI,?
T NTFRFOtATE IN TEMFERATURE

JI =Ji ON4 # j

1551 FACTOP(ILON,JIKjI /(TMPTAB(ILOW)-TigPTIo(1loi.)J))

____ YACT4lr3 (F;ICI),)-FACrT,(I),'(rD 44IJ(JTH,+)..TL1DA1JLOW+2))

C romrUTE ATYEILATIO(N (09ý/KX)

- CGMPAIN--AITK(RATESATTNRATEp,*'

165 27A~il/P~ AlJ2-AfBK?

F4D~
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